Systematic screening of secretion proteins using an approach based on the completely sequenced genome of Corynebacterium glutamicum R revealed 405 candidate signal peptides, 108 of which were able to heterologously secrete an active-form a-amylase derived from Geobacillus stearothermophilus. These comprised 90 general secretory (Sec)-type, 10 twinarginine translocator (Tat)-type and eight Sec-type with presumptive lipobox peptides. Only Secand Tat-type signals directed high-efficiency secretion. In two assays, 11 of these signals resulted in 50-to 150-fold increased amounts of secreted a-amylase compared with the well-known corynebacterial secretory protein PS2. While the presence of an AXA motif at the cleavage sites was readily apparent, it was the presence of a glutamine residue adjacent to the cleavage site that may affect secretion efficiency.
INTRODUCTION
Protein export from the synthesis compartment in the cytoplasm to other organelles or out of a cell is a common phenomenon that takes place in both prokaryotes and eukaryotes (Pohlschroder et al., 1997; Riezman, 1997; Schatz & Dobberstein, 1996) . Secretory proteins are synthesized as pre-proteins with proper N-terminal extensions (signal sequences) which control translocation of the secreted proteins. Signal sequences usually consist of 20-40 aa in the N-terminal regions of pre-proteins, and are removed from the secreted proteins by distinct signal peptidases upon penetration through the membrane (Dalbey et al., 1997; Paetzel et al., 1998) . In general, a signal sequence requires three distinct domains for its function (Pugsley, 1993; Tjalsma et al., 2000) . The region adjacent to the N terminus, called the N-domain, contains several positively charged amino acids for attachment to the cell membrane (Akita et al., 1990; Chen & Nagarajan, 1994; Gennity et al., 1990) . Next to the N-domain is the hydrophobic H-domain region, which forms an a-helical conformation in the membrane (Briggs et al., 1986) . Neighbouring the C terminus of the signal sequence is the C-domain, which harbours recognition and cleavage sites for signal peptidases (Dalbey et al., 1997; Paetzel et al., 1998) .
Two types of secretion-specific signal peptidases (SPases) (type I and type II) have been identified to date. Both are anchored on the plasma membrane and function to cleave signal sequences from their pre-proteins. In the general secretory (Sec) pathway, pre-protein is transported from the cytoplasm to the extracellular space in an unfolded form and a signal sequence is cut off by type I SPase (Dalbey & Von Heijne, 1992; Dalbey et al., 1997; Paetzel et al., 2002; Tjalsma et al., 2000) . Recently, a second general pathway, designated the twin-arginine translocator (Tat) pathway, was discovered. Signal sequences which utilize this pathway are thought to contain two conserved arginine residues '-RR-' in the region near their N terminus. Tat pathway translocation is Sec-independent and employs a cytoplasmic chaperone in order to secrete proteins in a fully folded form Cline et al., 1993; Mori & Cline, 2001; Yen et al., 2002) . Sequence analysis has shown that Tat signal sequences are also cleaved by type I SPases, because consensus sequences of cleavage sites of Tat signal sequences are similar to those of Sec signal sequences (Tjalsma et al., 2000) . The average length of N-domains of Tat signal sequences is twice that of typical Sec signal sequences, even though no clear differentiating features between the H-domains of the two types of signal sequences exist (Tjalsma et al., 2000) .
In addition to type I SPase, secretion of lipoprotein is dependent upon the action of lipoprotein-specific (type II) SPases . Lipoprotein precursors have a series of well-conserved amino acid residues, -LeuAla-Ala-Cys-, called the lipobox. Precursor lipoproteins are modified by lipoprotein diacylglyceryl transferase (LGT). This modification promotes cleavage of Lipo signal sequences by type II SPases and induces secretion through the cell membrane. After cleavage, prolipoprotein is acylated by N-acyltransferase (Inouye et al., 1983; Qi et al., 1995; . Lipo signal sequences are shorter than their Sec counterparts and the cysteine in the lipobox must be situated between the 15th and the 35th amino acid (Sutcliffe & Harrington, 2002) .
Corynebacterium glutamicum is a Gram-positive, nonsporulating and facultatively anaerobic bacterium (Nishimura et al., 2008) . C. glutamicum belongs to the group of actinomycetes that includes the mycobacteria. The cell wall of mycobacteria contains arabinogalactan anchoring to the wall peptidoglycan, which is built up of alternating a-1,4-linked N-acetylglucosamine and Nacetylmuramic acid. Mycolic acids, which possess very long chains (C60-C90) and oxygen function, are a typical feature. However, compared to mycobacteria, corynebacteria contain short-chain mycolates (C22-C36) (Collins et al., 1982) . Mycolic acids are covalently linked to the cell-wall arabinogalactan or esterifying trehalose and glycerol in the cell envelope. Components containing these mycolic acids may control the structure, function and permeability of the cell envelope (Brennan & Nikaido, 1995; Draper, 1998; Minnikin, 1982) .
C. glutamicum has been used in industrial production of amino acids such as glutamate and lysine (Kinoshita, 1985; Malumbres et al., 1995) . The fermentation conditions for this bacterial species are well established for development of mass production methods (Liebl & Sinskey, 1990) . C. glutamicum is also recognized as a favourable host for heterologous protein production, because extracellular proteolytic activity is not detected (Billman-Jacobe et al., 1995) . By using a transgenic approach, C. glutamicum has been made to secrete amylase, nuclease, protease, transglutaminase, subtilisinlike serine protease, epidermal growth factor, green fluorescence protein and protein glutaminase (BillmanJacobe et al., 1995; Date et al., 2003 Date et al., , 2006 Kikuchi et al., 2006 Kikuchi et al., , 2007 Liebl et al., 1992; Meissner et al., 2007; Salim et al., 1997; Smith et al., 1986) . Despite signal sequences being essential for the secretion of target proteins, only eight, namely DNase, Rpf1, Rpf2, PS1, PS2 and three PS1-related secretion proteins, have been identified in C. glutamicum (Brand et al., 2003; Hartmann et al., 2004; Joliff et al., 1992; Liebl & Sinskey, 1990; Peyret et al., 1993) . The most common C. glutamicum secretion protein is PS2, which is detected in culture media as one of two major proteins and has a function in the biogenesis of the surface layer in C. glutamicum. However, the biochemical function of PS2 protein is unknown (Peyret et al., 1993) . Another major protein, PS1, is known as a corynebacterial mycoloyltransferase, and its homologues are also found in mycobacteria. Loss-offunction analysis has shown that mycoloyltransferases play an important role in the biogenesis of the cell envelope in Corynebacterineae (Kacem et al., 2004) . Secretion signals derived from PS2 are currently used in extracytoplasmic production in C. glutamicum. The main shortcoming of PS2-based secretion is that yields vary widely depending on the target protein (Date et al., 2003 . Consequently, applications of C. glutamicum in protein secretion are still comparatively limited and further information on protein secretion is needed.
C. glutamicum has long been considered to excrete only a limited number of proteins into its culture. However, extracellular protein identification using 2D SDS-PAGE has shown about 50 protein spots in a late-exponentialphase culture of C. glutamicum (Hermann et al., 2001) . Subsequently, the recent demonstration of 141 protein spots from the cell surface and extracellular space has raised the possibility that secretion signals exist in C. glutamicum that are not yet known (Hansmeier et al., 2006a, b) . In order to better understand the secretion mechanisms in C. glutamicum, we performed comprehensive analysis of its genome by using SignalP (Tjalsma et al., 2000) to identify any new signal sequences. A total of 108 candidate signal sequences that could secrete heterologous a-amylase in C. glutamicum were identified, 106 of which were previously unknown.
METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are shown in Table 1 . Escherichia coli was cultivated in Luria-Bertani (LB) medium (Sambrook et al., 1989) Candidate signal sequences in C. glutamicum R. A total of 2990 ORFs have been predicted for the genome of C. glutamicum strain R (Yukawa et al., 2007) . Translated amino acid sequences based on ORFs were analysed using SignalP v. 3.0 (http://www.cbs.dtu.dk/ services/SignalP). To predict secretory proteins, the first 60 residues of all annotated proteins of C. glutamicum R were analysed by SignalP. Tat-like signal sequences detected by SignalP were further analysed using the TatP Tat-signal-specific program (http://www.cbs.dtu.dk/ services/TatP/).
DNA manipulations. E. coli plasmid DNA was isolated using a Qiaprep spin kit (Qiagen) according to the manufacturer's instructions. E. coli was transformed by the CaCl 2 method (Sambrook et al., 1989) . Purified plasmid DNA extracted from E. coli SCS110 was introduced into C. glutamicum by electroporation using Gene Pulser (Bio-Rad) (Kurusu et al., 1990) . High-throughput DNA manipula-tion to construct secretion candidate plasmids was performed with a Biomek-FX laboratory automation workstation (Beckman Coulter) and a MultiScreen96 plasmid purification kit (Millipore). C. glutamicum genomic DNA was isolated using a GenomicPrep Cells and Tissue DNA Isolation kit (Amersham Bioscience). For PCR, KOD plus DNA polymerase (Toyobo) was used. Restriction endonucleases were purchased from Takara Bio.
Sequencing. DNA sequencing was performed on an ABI Prime 3130xl and 3730xl genetic analyser using a Big Dye Terminator v3.1 cycle sequencing kit (both from Applied Biosystems) according to the manufacturer's instructions. DNA sequencing data were analysed using the Genetyx Win program (Genetyx).
Plasmid construction. The plasmids used in this work are listed in Table 1 . The a-amylase AmyE from Geobacillus stearothermophilus NBRC 12550 was used as a marker to test the secretion ability of secretion signal candidates. To do this, a high-copy-number shuttle vector for C. glutamicum carrying a signal sequenceless a-amylase gene was constructed. A DNA fragment containing amyE was amplified by PCR with amyE-F and amyE-B primers (Supplementary Table S1 ). The fragment was digested with XhoI and SphI, and ligated to the same site of pCRA429 (Table 1 ). The resultant plasmid was used as a PCR template, and a 6 kb DNA fragment was amplified with EcoRV-Amy-F and EcoRV-Amy-B primers (Supplementary Table S1 ). The fragment was then digested with EcoRV, circularized by self-ligation and transformed into E. coli cells. The extracted plasmid was designated pCRC900 (Fig. 1) . As a control to check the a-amylase secretion, three plasmids, pCRC911, pCRC912 and pCRC913, were constructed. To obtain pCRC911, ATG was inserted into the EcoRV site of pCRC900 by PCR with Met-amy-F and Met-amy-B primers (Table 1, Supplementary Table S1 ). The coding regions of native or mutated AmyE signal sequences from the initiation methionine to the 34th amino acid residue were amplified by PCR with Bacillus-amy-F and Bacillus-amy-B or Bacillus-amy-F and Mut-amy-B primers, and ligated into the EcoRV site on pCRC900, in pCRC912 and pCRC913 (Table 1, Supplementary   Table S1 ). In pCRC913, three amino acid residues, -AKA-, from positions 32 to 34, were replaced with -FFF-.
To analyse the effect of the glutamine residue at position +1, the 39th, 27th and 22nd glutamine residues of CgR324, CgR800 and CgR2791 were replaced with an alanine residue, respectively. In contrast, the 31st leucine of CgR949 was altered to a glutamine ; LacZ/MCS cloning vector Takara Fig. 1 . Schematic view of plasmid used for secretion signal screening in C. glutamicum. The DNA sequence encoding a signal sequence was removed from amyE and replaced with a synthetic EcoRV recognition site. The signal sequence of AmyE was predicted by using the SignalP program. -GAT/ATC-indicates the synthetic EcoRV recognition site in pCRC900. Expression of a-amylase derived from G. stearothermophilus was induced by both lac and tac promoters.
New signal sequences of C. glutamicum residue. These mutageneses were carried out by PCR with 324-F and Mut-324-B, 800-F and Mut-800-B, 2791-F and Mut-2791-B or 949-F and Mut-949-B primer pairs, respectively. DNA fragments encoding mutated protein sequences were ligated to the EcoRV site of pCRC900. The resulting plasmids were designated pCRC914D324, pCRC915D800, pCRC916D2791 and pCRC917D949 (Table 1,  Supplementary Table S1 ), respectively.
Screening of secretion signal sequences. DNA fragments encoding candidate signal sequences were amplified by PCR, purified by gel electrophoresis and extraction, digested with EcoRV and ligated into the same site of pCRC900 using Ligation high (Toyobo). After checking for PCR errors and direction of the inserted DNA, the plasmids were transformed into E. coli SCS110 and extracted plasmids were used to transform C. glutamicum. C. glutamicum cells possessing the plasmid were selected on complex solid medium plates containing 1.5 % agar (Becton Dickinson) and chloramphenicol, and transferred to a new plate containing 4 % soluble starch (Becton Dickinson). After 48 h, 3 ml iodine solution (I 2 , 0.1 g; KI, 2.0 g; H 2 O, 300 ml) was added to the plates, which were incubated at room temperature for a few minutes. The a-amylase activity was visualized as a halo by iodine staining. Secreted a-amylase in liquid medium was detected with an EnzChek Ultra Amylase Assay kit (Invitrogen) according to the manufacturer's instructions. Dilution series of culture supernatants were prepared and fluorescent intensity derived from aamylase activity was measured using a SpectraMax M2 (Molecular Devices).
Construction of a tatC-disrupted mutant of C. glutamicum R.
cgR1550, the tatC orthologous gene for C. glutamicum R, was identified by homology search with the tatC sequence of C. glutamicum ATCC 13032. Two DNA fragments including 59-terminal or 39-terminal flanking regions of cgR1550 were amplified by PCR from the C. glutamicum R genome with 1550-EcoRI-F and 1550-KpnI-B or 1550-XbaI-F and 1550-SalI-B primers, respectively (Supplementary Table S1 ). A DNA fragment containing the kanamycin-resistance gene was also amplified by PCR from the pUC4K plasmid with Km-F and Km-B primers (Supplementary Table  S1 ). The three DNA fragments were individually digested with restriction endonucleases, EcoRI and KpnI, XbaI and SalI and KpnI, and XbaI, respectively, and successively ligated into the same site of pHSG398. The resulting plasmids were used to transform E. coli SCS110. Extracted plasmids were used to transform C. glutamicum R by electroporation, and the tatC-disrupted mutant (DtatC) was screened on a solid medium plate containing kanamycin.
RESULTS
There are 108 C. glutamicum R protein coding sequences that secrete G. stearothermophilusderived a-amylase
In order to identify candidate secretory proteins in C. glutamicum R, the first 60 aa from the N terminus of each of its 2990 annotated protein coding sequences was used to predict the presence of signal sequence cleavage sites using the software program SignalP. Of these, 405 proteins were predicted to possess signal sequences and their accompanying cleavage sites, on the basis of both Neural Network and Hidden Markov models (Bendtsen et al., 2004) . Determination of which of the 405 protein coding sequences actually secreted a-amylase necessitated construction of 405 chimeric proteins in which each of the signal sequences was fused with an AmyE whose native signal sequence was lacking. This was performed by inserting each signal sequence into the EcoRV site of pCRC900 and separately transforming C. glutamicum R with each of the resultant plasmids.
As the insertions involved extra bases, it was imperative to ascertain the effect of the inserted sequence on the functional integrity of the signal sequences. A plasmid encoding native AmyE and three others in which the sequences encoding a methionine residue, the native signal sequence or a mutated signal sequence were inserted into EcoRV sites of pCRC900 were constructed (Fig. 2a) . The resultant respective plasmids pCRA429, pCRC911, pCRC912 and pCRC913 (Table 1) were then used to transform C. glutamicum R. Transformants were incubated on a complex solid medium plate containing 4 % starch, and iodine solution was added to reveal clear haloes around pCRA429 and pCRC912 transformants only, which indicated active-form a-amylase secretion (Fig. 2b) . The ability of pCRC912 to secrete active-form a-amylase implies that the presence of an artificially inserted EcoRV site in the amyE gene has no discernible effect on the functional integrity of the signal sequence. In contrast, removal of a signal sequence (pCRC911) or its mutation (pCRC913) resulted in colonies that did not show any clear halo, indicating that a proper signal sequence is required for AmyE secretion (Fig. 2b) .
Sequences encoding each of the 405 predicted signal sequences including the 9 bp region at the end of each putative cleavage site of the signal sequence were thus separately fused onto AmyE, and the amylase activity of resultant transformants was assayed. A total of 108 samples showed clear haloes on iodine-stained plates (Supplementary  Table S2 ), but 255 did not. The remaining 42 samples could not be successfully cloned into pCRC900 in E. coli. The putative function of the 108 coding sequences varied widely from membrane-related (26.8 %) and wall-related (13.8 %) proteins and secreted enzymes (15.7 %) to others (6.7 %) and unknown proteins (37.0 %). Furthermore, homology search experiments showed that 20 of 108 proteins in this study were identical to the proteins of 71 protein spots in a secretome analysis with 2D gel electrophoresis of C. glutamicum ATCC 13032 culture and cell surface proteins (Hansmeier et al., 2006a) . These data support the conclusion that the 108 protein coding sequences possess protein secretory functionality in C. glutamicum.
Of the signal sequences, 90.7 % are Sec type
Amino acid sequences of the 108 signal sequences allowed their classification into three types. Sec signal sequences, constituting the most common secretion pathway of bacteria, had an average of 36.3 residues per peptide, which is longer than that of the corresponding Bacillus subtilis signals, even though the proportions of their N-, Hand C-domains were similar to those of B. subtilis (data not shown) (Tjalsma et al., 2000) . Tat signal sequences have characteristic tandem arginine residues just before the Hregion. However, there are cases known to have one arginine residue in the -RR-motif substituted with a lysine (Cristobal et al., 1999; Stanley et al., 2000) . The Tat motifspecific TatP software was thus utilized to identify Tat signal sequences. Eighteen sequences identified from such a search were employed for further analysis by using a Tat pathway-deficient mutant. The tatC gene, which encodes one of the components of the Tat pathway, can be disrupted in C. glutamicum ATCC 13869, leading to nonlethal cessation of protein secretion using the Tat system . Only 10 of the 18 signals did not show extracellular a-amylase activity in a tatC disruption mutant (DtatC) of C. glutamicum R (Fig. 3) (Fig. 4) . Taken together, 90 Sec signals (83.3 %), 10 Tat signals (9.2 %) and eight Sec signals with a presumptive lipobox (7.4 %) were newly identified in C. glutamicum R. Fig. 3 . Protein coding sequences exhibiting Tat-type signal sequences in C. glutamicum. Underlined amino acids indicate arginine residues which are situated upstream of the H-domain. A solidus (/) indicates a putative cleavage site. The symbols ++++ (high), +++ (medium), ++ (low) and + (very low) represent the secretion efficiency of a-amylase estimated by measuring the size of haloes on a plate (see Supplementary Table S2 ).
Eleven signal sequences showed 50-150 times the secretion efficiency of PS2
Since secretion efficiency is an important factor for protein production in bioindustry, the secretion efficiencies of the 108 signal sequences were analysed using aamylase as a marker. Activities of a-amylases secreted using each of the 108 signal sequences were compared with that of a-amylase secreted using the PS2 signal sequence. To date, the PS2 signal sequence represents one of the most studied secretion signals for heterologous protein production in C. glutamicum (Date et al., 2003 . Based on extracellular amylase activity, determined by measuring the sizes of haloes around cell colonies on plates, the signal sequences were roughly classified into four classes: 'high' (greater than PS2), 'medium' (almost equal to PS2), 'low' and 'very low'. In summary, 31 secretion signal sequences produced a halo larger than that of PS2, 26 of which were of Sec type and five of Tat type (Supplementary Table S2 ).
To evaluate the secretion efficiency more accurately, aamylase activity of the supernatant of a 100 ml overnight culture in a flask was measured. A transformant expressing a chimeric protein of CgR949 and AmyE showed the highest a-amylase activity among the 31 signals. Its activity was over 150 times higher than that of PS2. Proteins homologous to CgR949 are found in many other bacteria, but their function remains annotated as unknown (data not shown). Furthermore, 11 samples consisting of nine Sec-type and two Tat-type signal sequences exhibited over 50 times higher activity than that of PS2 (Fig. 5) .
The AXA motif and the +1 glutamine influence the characteristics of Sec-and Tat-type signal sequences
Of the signal sequences identified above, only Lipo-type signals were not found in the high-efficiency group of 31 signal sequences. Using SignalP, the 26 Sec-and five Tattype signal sequences collectively revealed a bias towards alanine residues at positions 23 (~83 %) and 21 (~93 %), but no conserved amino acid residues were found at position 22. This bias fell to~62 % at position 23 and 81 % at position 21 among the medium, low and very low efficiency signals (Table 2) . This suggests that an -AXA-motif may be recognized at the cleavage site of Secand Tat-type signal sequences in C. glutamicum. The numbers in small type adjacent to the cysteine residues represent the distance in amino acid residues from the N terminus to the cysteines. While the average length of signal sequences in the medium, low and very low efficiency categories was 35.5 amino acid residues, that of the high-efficiency category was 31.6. In addition, since the number of residues in the high-efficiency category varied from 21 to 48, it appears that the length of secretion signal may not affect secretion efficiency (Fig. 6) . Subsequently, SignalP results predicted the hydrophobicities of 31 high-efficiency signals as being close to those of medium, low and very low category signals. No consensus sequences in the N-and H-domains were found from amino acid sequences of the 31 highefficiency samples (Fig. 6 ), even though a glutamine residue at position +1 was observed in~51 % of these samples (Fig. 6 and Table 2 , underlined), but in only 20.2 % of the medium, low and very low efficiency category samples. It follows therefore that although they are not located inside a signal sequence, glutamine residues flanking the cleavage site may indeed affect secretion efficiency in C. glutamicum.
A glutamine residue adjacent to the cleavage site is necessary for productive secretion of a-amylase in C. glutamicum
In order to determine the effect of the +1 glutamine (the glutamine residue neighbouring the predicted cleavage site) on secretion efficiency in C. glutamicum, point mutation analysis was carried out. Three of 31 high-efficiency signals, the 324, 800 and 2791 signals, containing glutamine residues at the +1 position, had alanine substituted for the +1 glutamine by PCR mutagenesis and were ligated into pCRC900 (Table 1) . The results for strains with pCRC914D324, pCRC915D800 and pCRC916D2791 indicate that amylase activity was reduced in comparison with native signals (Table 1, Fig. 7 ). In contrast, the 949 signal, which was categorized as a high-efficiency signal, although the amino acid residue at the +1 position was leucine, was mutagenized from +1 leucine to +1 glutamine (Figs 6 and 7). The strain containing pCRC917D949 showed amylase activity three times higher than a strain with the native 949 signal (Table 1, Fig. 7 ). These results indicate that +1 glutamine residues have an influence on the accumulation of extracellular amylase in C. glutamicum.
DISCUSSION
Using simultaneous bioinformatic analysis and a highthroughput secretion assay, we determined 108 secretion signal sequences, including 106 new ones, in C. glutamicum R (Supplementary Table S2 ). The molecular masses of the 108 proteins which contain secretion signals ranged from 5 to 185 kDa and their types varied widely (Supplementary  Table S2 ). These signal sequences may function to transport various proteins across the plasma membrane, suggesting the presence of a large number of unidentified secretory proteins in C. glutamicum. Recently, a study using 2D gel electrophoresis of C. glutamicum culture supernatants and cell surface proteins detected 141 secretory protein spots, of which 71 were identified by MALDI-TOF MS and tryptic peptide mass fingerprinting (Hansmeier et al., 2006a) . The number of secretory proteins identified in this work is less than the number of secretory protein spots identified by 2D gel electrophoresis. In addition, our bioinfomatic results imply the existence of 405 secretory proteins in C. glutamicum. Therefore, this raises the possibility that unknown factors retarded the detection of secretion signals in our screening. On the other hand, 88 of 108 coding sequences in this New signal sequences of C. glutamicum study showed no homology to the secretory proteins identified by secretome analysis using 2D gel electrophoresis. The reasons may be as follows: separation of proteins on the 2D gel was carried out with a limited pH range, and our analysis was not reliant on the amount of secretory proteins and the effects of gene expression depending on cell growth because only the genome information was utilized.
Of the 108 secretion signals, 98 Sec-type and 10 Tat-type signals were included, implying that about 90.7 and 9.2 % were Sec and Tat signals in C. glutamicum, respectively. In contrast, the proportion of Sec and Tat in all signal sequences of B. subtilis has been estimated to be about 55.7 and 4.7 % through a protein database search (Tjalsma et al., 2000) . The higher proportion of Tat-type signals in C. glutamicum implies that Tat-dependent secretion might occur more frequently in C. glutamicum than in B. subtilis. The average length of the 10 new Tat-type signal sequences identified in this study was 35 amino acid residues, which is almost the same as that in B. subtilis (Tjalsma et al., 2000) . However, the -RRXFL-motif, which is characteristic of Tat-type signal sequences in the N-region (Berks et al.,
2000)
, was not observed in three of the 10 Tat-type signal sequences in this study (Fig. 3) . The substitution of an arginine within a -RRXFL-motif triggers decreased amounts of protein secretion Cristobal et al., 1999; Stanley et al., 2000) , but in C. glutamicum, neither CgR1023 nor CgR2627 has two tandem arginines or promotes strong secretion of aamylase (Fig. 3) . In contrast, CgR79, classified in the low secretion efficiency group, possessed the -RRXFL-motif (Fig. 3) . Taken together, conservation of the -RRXFLmotif in Tat signal sequences is not an indispensable factor for high secretion competency in C. glutamicum. No other unique features of H-and C-domains of the 10 Tat-type signal sequences of C. glutamicum were found.
In addition, eight Sec signals with presumptive lipobox sequences were isolated. Their average length of 22.8 aa was shorter than that of Sec-type signal sequences. The essential cysteine residue in the putative lipobox was situated 21-29 residues from the N terminus (Fig. 4) , accounting for the fact that the features of the eight new Sec signals with presumptive lipoboxes were identical to lipoproteins of other bacteria (Sutcliffe & Harrington, 2002) . Thirty-one signal sequences gave higher protein secretion than that of PS2 (Fig. 5 ). These were classified into 26 Secand five Tat-type signals (Fig. 5) . Although the 108 secretion signal sequences included only 10 Tat-type signals (9.2 %), the proportion of Tat increased to 16.1 % in 31 high-efficiency signal sequences, suggesting that Tatdependent secretion may be the more prevalent secretion pathway in C. glutamicum. Any common features or motifs for the high-productivity signal sequences are not yet known. However, a glutamine residue often appeared just one amino acid downstream of a putative cleavage site (Table 2) . Point mutation analyses of the glutamine (we designated it as the +1 glutamine) changed the amount of secretory amylase in C. glutamicum (Fig. 7) . The role of the +1 glutamine in secretion is not yet clear, but the glutamine at this position, which might be adjacent to the cleavage site, may affect the state of pre-secretory proteins in the translocator complex. Fig. 7 . Effect of the +1 glutamine on extracellular amylase activity in C. glutamicum. After 24 h culture in flasks, a-amylase activities, shown as the mean of triplicates, were measured using an EnzChek Ultra Amylase Assay kit. The y axis indicates the relative intensity of amylase activity with respect to the native signal. Wildtype signals are represented by grey bars and mutated signals by white bars. D, Secretion signal constructs with a point mutation (Table 1) . Letters indicate amino acid sequences of SPase recognition sites in the wild-type or the substituted sequences used in mutation analysis.
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